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I. INTRODUCTION 
Life on earth can be said to depend on the biological 
fixation of atmospheric nitrogen. Symbiotic nitrogen fix­
ation occurring in the nodules of legumes is the most im­
portant means of biological nitrogen fixation. Rocks contain 
a large reserve of fixed ammonium nitrogen and organic 
nitrogen, but the amount of this nitrogen that is available 
to plants is very small (Stevenson, 1959). Nonbiological 
nitrogen fixation by photochemical reactions and electrical 
discharges is considered to be of minor importance. The 
nitrogen produced by the fertilizer industry is thought to 
contribute only two or three per cent of the nitrogen con­
tained in the current harvests of the world (Virtanen and 
Miettinen, 1963). 
The actual amount of nitrogen that is fixed per acre 
with properly inoculated legumes is quite variable. This 
amount is dependent upon a combination of biological, cli­
matic, and edaphic factors. In general, high amounts of 
combined nitrogen in soils depress nodulation and nitrogen 
fixation. This explains the common observation that plants 
grown on highly fertile soils exhibit less nodulation and 
nitrogen fixation that those grown on less fertile soils. 
Several different hypotheses have been proposed to 
account for the effect of combined nitrogen in the soil on 
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nodulation and nitrogen fixation. The most commonly accepted 
hypothesis considers the effect of combined nitrogen to be 
determined by the ratio or relationship of carbohydrates to , 
nitrogen within the plant. There is much experimental 
evidence to support this hypothesis. There are some experi­
mental results, however, that can not be explained by this 
internal carbohydrate to nitrogen relationship. These 
include the stimulation of nodulation caused by low levels of 
nitrogen and the differential effects from adding different 
forms of nitrogen or from adding the nitrogen to different 
parts of the plant. 
The objective of this investigation was to study cer­
tain factors affecting formation of nodules. The ability of 
rhizobia to reduce nitrate was studied because of the effect 
the nitrite produced could have gn nodulation. 
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II. LITERATURE REVIEW 
The nodules of leguminous plants have intrigued 
scientists for several centuries. One of the earliest re­
corded descriptions of leguminous root nodules is that of 
Dalechamps (I587). He considered nodules to be normal out­
growths of the plant roots. Nearly a hundred years later 
Malpighi (1679) described nodules as root galls caused by in­
sect larvae. He mentioned the many worms within the nodule 
that devour the shoot and eventually get out of the nodule. 
In 1886, Hellriegel announced the first conclusive proof 
that legumes require root nodules for nitrogen fixation. Two 
years later Beijerinck (I888) isolated a bacterium in pure 
culture that would nodulate the host plant. 
Probably the most widely studied phenomenon of nodu-
lation in the early literature is the effect of combined soil 
nitrogen. As early as 1864, Rautenberg and Kuhn observed 
that nitrate and ammonia prevented the formation of root 
nodules on Vicia faba. 
Fred jet (1932) tabulated and discussed the results 
of over 30 different experiments of workers that studied the 
effect of combined nitrogen on nodulation. These experiments 
differed greatly in species of plants grown, amounts and 
kinds of nitrogenous salts added, and methods of plant 
growth. The concentration of nitrate required to reduce 
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nodulatlon would be expected to vary considerably with the 
- conditions of the experiments. Fred and Graul (1916) showed 
that for alfalfa and vetch inhibition of nodule fomation by 
nitrate requires higher concenyrations in soil than in sand 
or solution culture. In all cases the nitrate concentrations 
were expressed as mg. of nitrogen per 100 cc, of solution. 
Wilson (1917) added nitric acid or one of 17 nitrate 
salts at rates from 0,05 to 0.1 gm. per 208 gm. of dry soil. 
All forms of nitrate except nitric acid and aluminum nitrate 
depressed numbers of soybean nodules by half or more. In a 
separate experiment the amount of each salt necessary to pre­
vent nodulation was found to be much lower than the levels 
toxic to the plants, Ohkawara (1928) tested the effect of 
sodium, potassium, or calcium nitrate and of ammonium sul­
phate on lupine and serradella grown in sand cultures. He 
found that low concentrations of salts (0,02 per cent) 
stimulated nodule production while higher concentrations (0.1 
to 0,2 per cent) prevented nodulation. Nodule bacteria were 
also shown to retain their vitality when cultured with 0,1 
per cent nitrate salts for 35 days. 
( Gibbel (1926) showed that nitrogen fixation is en­
hanced by supplying combined nitrogen during early stages of 
leguminous plant growth. This advantage was thought to 
result from eliminating the period of nitrogen shortage 
between depletion of the seed nitrogen and establishment of 
symbiotic nitrogen fixation. In this and other early papers 
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it Is likely that the purported enhancement or depression of 
nitrogen fixation by combined nitrogen Is largely an effect 
on the volume of nodular tissue formed. 
More recently the depressing effect of combined nitrogen 
on production, size and function of nodules has been shown by 
Kama ta (1957)# Richardson £t (1957) # Van Schreven (1959), 
Cartwrlght and Snow (1962), and Ragglo et (1965). 
A number of different hypotheses have been proposed to 
explain the effects of.combined nitrogen on the nodulatlon 
of legumes. The different hypotheses that had been proposed 
were summarized by Allison and Ludwlg (1934) and Wilson 
(1940). 
Many early workers believed that the accumulation of 
nitrates In the plant sap prevented development of the root 
nodule bacteria within the plant. This hypothesis was 
supported by Laurent's (189I) observation that 1000 ppm 
nitrate added to sterile plant sap stopped the growth of 
rhlzobla even though neither the nitrate nor the plant sap 
alone showed this effect. . He suggested that some combination 
of the nitrate with the plant's constituents caused the toxic 
effect. Maze (I898) stressed the importance of carbohydrates 
for bacterial entrance and growth in legumes. He. thought 
that inorganic nitrogen compounds combined with carbohydrate 
in the host plant to prevent the excretion of carbohydrates. 
He considered that this excretion of carbohydrates was 
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necessary for rhlzoblal invasion of legumes. Other workers 
modified this hypothesis to a carbohydrate hypothesis based 
on the assumption that a certain level of carbohydrate in 
the host plant is essential for the development of the legume 
nodules. 
The effects of nitrate and of carbohydrate can be con-= 
sidered simultaneously as the carbohydrate-nitrogen ratio or 
relationship (Wilson 1935). This method provides a means of 
integrating the observed effects upon nodulation of such 
variables as combined nitrogen, light intensity, COg con­
centrations, and added sugars into a single hypothesis. All 
of these variables are explained as exerting their effect on 
the ratio of carbohydrates to nitrogen within the host plant 
(internally). When combined nitrogen is abundant carbo­
hydrates are used for top growth and not transported to the 
roots for root and nodule growth, (Allison & Ludwig 1934). 
If a higher proportion of carbohydrates is available, 
however, there is more transported to the roots, thereby en­
hancing nodulation. This hypothesis stressing the internal 
balance of carbohydrate to nitrogen certainly has validity, 
but it is not entirely adequate to explain nitrate inhibition 
of nodulation. There are several types of experiments that 
support an external (local) effect of combined N. 
Wilson (1917)J utilizing a split-root technique, showed 
that nitrate supplied externally to one half of the root 
system of a plant had no effect on the formation of nodules 
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on the other half. This suggested that the nitrate exerted 
an external or local effect on nodulation. 
Raggio et, (1957) pointed out that the process of 
nodulation involves a complex physiological system. They 
succeeded in developing a technique .to simplify this system 
by studying nodulation of excised plant roots. This tech­
nique allowed them to control the nutrition of the root by 
adding compounds either "internally" through the excised base 
of the root or externally via the medium in which the root 
grows. All organic components were added to the base of the 
root while the inorganic salts were added to the root media, 
(This prevented the excessive growth of bacteria and the in­
hibition of nodulation in the root media that the authors had 
observed previously.) Raggio et (1965) reported that 62 
to l84 ppm nitrate nitrogen added externally to the inorganic 
growth medium significantly reduced nodule formation in ex­
cised roots fed two per cent sucrose via their-bases. The 
inhibition of nodulation by 66 ppm nitrate nitrogen could be 
prevented by supplying more sucrose either via the base of 
the roots or in the root medium. Nitrate nitrogen supplied 
through the base of the root did not affect nodulation when 
the roots received two per cent sucrose via the base and 
promoted nodulation when the sugar level was raised to 5 or 
10 per cent. Their results indicate that the depressing 
effect of nitrate nitrogen is exerted externally and not 
8 
within the plant. McCoy (1932) showed that rhizobial cells 
or cell-free bacterial filtrates caused deformation of" 
alfalfa root hairs. This root deformation or curling appeared 
to be a necessary prerequisite to rhizobial entrance into the 
plant. Thornton (1936) showed that root nodule bacteria 
caused a marked increase in number and length of alfalfa root 
hairs in addition to causing them to be deformed. Nitrate 
nitrogen prevented the growth stimulation and deformation of 
root hairs in the presence of either rhizobia or cell-free 
rhizobial secretions. The addition of sucrose to the root 
media completely overcame the effect of nitrates. The fact 
that nitrate nitrogen affected the plant the same with the 
bacteria as with only their secretions indicated that the 
effect of nitrate was exerted on the host plant rather than 
on the bacteria. 
Thimann (1936) showed that nodules were non-polar auxin 
producing centers with approximately equal auxin concent­
rations in the proximal and distal end. He thought that if 
the auxin had been of plant origin, there would have been 
much more auxin in the distal half of the nodule. Also plant 
roots contain a much lower concentration of auxin than was 
found in the nodules. The ability to produce lAA from 
tryptophan had been shown for other bacteria. Therefore, it 
was concluded that the auxin was formed by the bacteria. 
Since nodule bacteria do not produce auxin in the absence of 
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tryptophan and legume roots exude tryptophan (Rovira 1956) it 
might be expected that auxin would be produced only when 
rhizobia and legume roots are grown together. Three years 
later Thimann (1939) reported a rapid production of auxin 
(presumably IAA) by three pure strains of rhizobia grown in 
a media .containing tryptophan. He also mentioned that auxin 
applied to roots stimulates the development of lateral roots 
but then inhibits their elongation and causes them to swell 
and become deformed. These processes are somewhat analogous 
to nodule formation. On the basis of these, arguments he coin­
cluded that the nodule arises as a direct result of the pro­
duction of auxin by rhizobia within the infected root. 
•» 
Auxin produced by rhizobia has been detected only in the 
presence of plants or added tryptophan. Kefford et a^, (i960) 
reported that subterranean clover plants grown in sterile 
cultures produced tryptophan. When rhizobia were added, 
auxin was produced. 
The effect of IAA on legume root hairs was re-examined 
by Sahlman and Pahraeus (1962), They pointed out the im­
portance of distinguishing between root hair curling in 
connection with infection and other types of deformation of 
root hairs. The first root hairs that a plant produces are 
mostly deformed. Changes in osmotic concentrations, breaking 
of the root tip, or dessication can cause a different type of 
root hair deformation. Sahlman and Pahraeus contend that all 
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of these can be distinguished by microscopic observation from 
root hairs curled by bacteria or bacterial secretions. lAA 
was added to the"roots of Trifolium repens in concentrations 
Q 1 A » * 
from 10~ to 10~ M. They presented, photographs, and written 
descriptions of root hair deformation by lAA, rhizobia, and 
rhizobial filtrate. The root hair deformation by lAA was 
thought to differ from that by infective bacteria at all lAA 
concentrations. In another experiment laccase, an enzyme 
which oxidizes lAA with simultaneous decarboxylation, was 
added to plants together with infective rhizobia. No further 
description of the methods used for this experiment was 
given. Under the conditions of the experiment no change in 
degree of deformation of the root hairs or in the number of 
nodules was obtained. On the basis of these findings Sahlman 
and Fahraeus (1962) suggest that if lAA is necessary for 
nodule formation, it probably enters the process at some 
phase after root hair curling. 
Tonhazy and Pelczar (1954) showed that catalytic amounts 
of nitrite can destroy lAA. Tanner and Anderson have shown 
that rhizobia can reduce nitrate to nitrite with a con­
comitant destruction of lAA. They propose that this 
destruction of lAA constitutes an external inhibition of 
nodulation by nitrate (Tanner and Anderson 1963) (Tanner 
1962). 
Numerous workers have reported the production of re-
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latlvely small amounts of nitrite when rhizobial cells were 
grown with nitrate. Pohlman (1931) reported the reduction 
of nitrate to nitrite by Rhizobia meliloti and R. japonicum. 
Nitrites accumulated in the cultures, although there was 
evidence of slight utilization of nitrite by both rhizobial 
strains. Allison and Doetsch (1951) reported that 30 of 33 
rhizobial strains that they tested reduced, nitrate to 
nitrite. They failed to confirm, however, the results of 
Wilson (1947) in which he reported the production of a gas 
that appeared to be nitrogen. Rhizobia are not generally 
considered to be gas formers. 
Gayon and Dupetit in I886 described the conversion by 
soil bacteria of nitrate to nitrite, nitric oxide, nitrous 
oxide, nitrogen and ammonia with the simultaneous oxidation 
of organic compounds. 
A large volume of literature concerning nitrate re­
duction has appeared in the last ten years. Nitrate re­
duction by microorganisms can be classified as one of two 
general types (Nason 1962). The enzymatic properties of 
these two types of nitrate reduction have many similarities, 
but their functions are quite different. 
One type of nitrate reduction is called nitrate assimi­
lation or assimilatory nitrate reduction. This type re­
presents biological reduction of nitrate to ammonia or the 
amino level with the products being used for the bio­
synthesis of cell constituents such as proteins and nucleic 
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acids. In this type of nitrate reduction all of the 
nitrogen is reduced to a -3 oxidation level. 
The second type of nitrate reduction is designated as 
nitrate respiration or dissimilatory nitrate reduction. In 
this case nitrate replaces oxygen as the terminal electron 
acceptor for certain microorganisms under anaerobic or 
partially anaerobic conditions. The reduction products do 
not appear to be utilized further by the microorganisms and 
for the most part they are excreted into the surrounding 
medium. The reduction products may include nitrite, nitric 
oxide, nitrous oxide, molecular and other oxidation states 
of nitrogen, depending upon the organism involved and it's 
physical and chemical environment. Dissimilatory nitrate 
reduction does not always result in the production of gas. 
Nitrite may be formed or ther,e may be a more complete re­
duction of nitrate to the level of ammonia in excess of the 
amount of organic nitrogen required by the organism 
(Delwiche, 1956). Nitrate respiration includes denitrifi-
cation which is a historical term for the reduction of 
nitrate or nitrite to molecular nitrogen, nitrous oxide, or 
nitric oxide. 
The primary enzymological difference between nitrate 
assimilation and nitrate respiration is the requirement by 
the latter for one or more cytochromes as electron carriers. 
Many of the nitrate respiration studies have utilized the 
enzyme system from E. coli. Taniguchi and co-workers ob-
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talned evidence that the nitrate-reducing system of E. coli 
was bound to a subcellular particle and intimately involved 
with aerobic respiration. They proposed^ a sequence of 
electron transport that involved the transfer of electrons 
from DPNH or formate to FAD, to cytochrome b^, and then to 
either oxygen or nitrate (Taniguchi et 1956). 
Cheniae and Evans (1959) have reported a particulate 
nitrate reductase obtained from the Rhizobium japonicum in 
soybean nodules. They concluded that this enzyme system was 
similar to that of E. coli. The enzyme was a sulfhydryl 
protein, was inhibited by metal-binding agents, and possibly 
involved the cytochrome b complex. Flavin was not shown to 
be involved in this system. 
The morphological changes involved in nodule initiation 
and development have been described quite thoroughly for the 
genus Trifolium. The biochemical control of nodulation and 
the means by which rhizobia enter the plant are not as well 
defined. 
In all legumes the primary infection by the nodule 
bacteria is initiated upon the roots. The most common mode 
of infection for the legumes studied is through the root 
hair and in most plants involves the formation of a special­
ized structure called the infection thread (Nutman, 1958). 
Many workers have reported the secretion by roots of 
nutrients and growth factors which stimulate the growth of 
bacteria in the surrounding soil. This phenomenon is very 
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pronounced with, but not limited to, legume roots and nodule 
bacteria. Multiplication of nodule bacteria in the rhizo-
sphere must occur before infection but the stimulation by 
legume roots is not specific enough to illuminate the 
physiology of the earliest phase of the infection process. 
With few exceptions, only the root hairs which have been 
deformed or curled by bacterial secretions are idfected. 
Curling is more likely during the elongation of root hairs. 
Bacterial secretions which contain lAA have been shown to 
promote both processes (Thornton 1936). This curling of the 
root hairs is a general response shown only by legumes. It 
is not known definitely how the initial bacterial penetration 
of the root hair occurs. The host cell wall appears to be 
continuous at the point of origin of the infection thread. 
Various workers had failed to detect any pectinase, chitinase, 
or cellulase in rhizobial cultures by 1956 (Nutman 1956). 
Nutman (1956) pointed out that penetration by rhizobia 
is believed to occur at the site of active growth of the root 
hair which has been displaced by the distorted growth. At 
this point the only barrier to penetration is the primary 
cell wall. .The cellulose fibrillae of the primary cell wall 
form a loose and open network. lAA is thought to loosen the 
cellulpsic cross-linkages and allow the bacteria to take 
part in the process of intussusception by which new fibrils 
are built into the primary, cell wall. By this process the 
bacteria could build themselves into and through the primary 
cell wall and Induce a reorientation of growth of the host 
cell wall to produce an infection thread by invagination of 
root-hair tissue. The absence of a visible pore could be ex­
plained by the hardening of the pectlc substances behind the 
bacteria. The Invagination process has recently been sub­
stantiated for clover seedlings by the electron microscope 
pictures of Sahlman and Pahraeus (1963). 
Kef ford et (1960) proposed a mechanism Involving a 
dominant role of lAA in rhizobial entrance into the root hair 
the growth of the Infection thread, and the Initiation of the 
cell division leading to nodule formation. They propose that 
localized production of lAA by a rhizobial colony at the 
point of entry into a root hair could make the cell wall 
plastic and also produce osmotic conditions that would cause 
the root hair cytoplasm to retreat from the colony. Growth 
of the infection thread through the root would result from 
the repetition of these processes causing the retreat of thé 
cytoplasm of neighboring cells at the pit areas where the 
cytoplasm is continuous. They propose that the nodule arises 
from cell division initiated in a dlsomatic cell by the inter 
action of bacterially produced lAA in the Infection thread 
with kinln of an atypical concentration. The support of 
their proposed mechanism relies largely on the comparison of 
the known growth effects of lAA with the growth processes in 
the root hair. 
LJunggren and Pahraeus (196I) studied the production of 
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polygalacturonase in associations between rhizobia and legume 
seedlings. They claim that infection is strongly correlated 
with polygalacturonase production. A water-soluble, heat-
stable, and nondialyzable active substance is reported to in­
duce the formation of this enzyme in the susceptible host. 
This active principle is thought to be a polysaccharide which 
may also contain DNA. On the basis of these findings they 
proposed a hypothesis by which the active principle reaches 
the protoplasm and reacts with some specific cell component 
resulting in the formation of an "organizer" which governs 
the production of polygalacturonase. This reaction might in­
volve the participation of the plant cell nucleus. It is 
proposed that appropriate rhizobia may induce a greater pro­
duction of polygalacturonase in the root hairs of susceptible 
hosts to allow bacterial penetration of the cell wall or in­
vagination as suggested by Nutman (1956). 
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III. MATERIALS AND METHODS 
A. Materials 
Rhizobial strains 
Two different strains of Rhizobium were used in this 
investigation. They are R. meliloti Dangeard (strain Su 
388, Dr. J. M. Vincent, C.S.I.R.O.), and R. japonicum 
Kirchner, (strain 31, Dr. H. Johnson, University of Minnesota 
St. Paul, Minnesota). Antisera was available for checking 
the identity and purity of these rhizobial strains. This 
antisera was produced with rabbits using the method described 
by Vincent (1941). 
2. Omphalia flavida 
A pure culture of the fungus Omphalia flavida, strain 
T4A, was obtained from Dr. Peter M. Ray, University of 
Michigan, Ann Arbor, Michigan. 
3.. Alfalfa and soybean seed 
Vernal alfalfa seed and Hawkeye soybean seed were used 
for this study. 
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B. Methods 
1_. Maintaining and growing cultures 
The composition of the yeast-mannltol media used to 
maintain rhlzobla was; 
The pH of the above media was adjusted to 6,5 - 7.0. Pure 
cultures were maintained on slants In (l6 x 125 mm.) screw-
cap test tubes. 
In most of the experiments reported, very large numbers 
of rhlzoblal cells were utilized. These cells were grown In 
one liter of the yeast-mannltol solution (without agar) In 
two liter Florence flasks on a reciprocating shaker. Before 
use the cells were spun down In a refrigerated centrifuge 
and the supernatant was discarded. The cells were then 
washed by resuspendlng them In Vjh mannltol- solution, centrl-
fuglng, and discarding the supernatant. 
Distilled Water 
KgHPO^ 
MgSO^.THgO 
CaSO^.ZHgO 
NaCl 
Yeast Extract 
Mannltol 
0.5 g./l 
0.2 g./l 
0.1 g./l 
.0.2 g./l 
3.0 g./l 
10.0 g./l 
1 1 
Agar 15 g./l 
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Pure cultures of the fungus Omphalla flavlda were main­
tained on potato-dextrose agar slants having a pH of 5 . 6 .  
The media used was Difco^ dehydrated potato-dextrose media. 
2 .  Sterilization of seed 
Alfalfa seeds were sterilized by placing them in a 
solution of 0.1# formaldehyde and 0.1# HgClg until the seed 
coats shriveled. The seeds were then rinsed five times in 
sterile distilled water and left overnight in the last wash 
water. The next morning the seeds were washed three more 
times in sterile water. The soybean seeds were sterilized 
for 10 min. in 70# ethanol. The seeds were then washed five 
times in sterile distilled water before planting. 
3. Production of lAA oxidase enzyme preparation 
Fungus cultures were grown in the synthetic liquid 
growth media used by Sequeira and Steeves (1954). Sterile, 
cotton-stoppered 250 ml. Erlenmeyer flasks containing 50 ml. 
of the synthetic growth media were Inoculated with 0^. 
flavida. The liquid was decanted and replaced aseptically at 
approximately three week intervals. The flasks were in­
cubated without shaking at 25°C in the dark. By the end of 
the third 3 week period, the activity of the lAA oxidase 
enzyme should be at a maximum (Ray and Thimann 1956). The 
^Difco Laboratories, Inc., Detroit, Michigan 
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liquid media containing the enzyme was decanted and dialyzed 
for 4 hr. against 18 volumes of glass-distilled water at 4°C. 
This resulted in a pale yellow liquid that was designated the 
active enzyme preparation. 
4. Experimental procedures 
Reaction mixture for nitrate reduction studies 
Many different experiments were set up to study the 
reduction of nitrate by rhizobia. The basic reaction mixture 
included: 
Succinate 50 ml. of 0.1 Vl/l, pHS.O 
Tris 50 ml. of 1.0 n/l, pHS.O 
Mannitol 10 g./l. 
NaNOg 2 X 10"3 M 
Strain Su 388 rhizobia 5 to 13 x 10 cells/ml. 
pH adjusted to 8.0 
The. concentration of cells was determined by diluting 
an aliquot of the reaction mixture by l/lO and reading the 
optical density at 420 my . The cell concentration was then 
determined from a graph plotting optical density versus 
logarithm of the number of strain Su 388 cells as reported 
by Ham (1963). These cell numbers had been determined by 
dilution plate counts. 
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b. Procedure for nitrate reduction studies 
For the simplest nitrate reduction experiments 120 ml. 
of reaction mixture was placed In each of 8 rubber-stoppered 
250 ml. Erlenmeyer flasks. These flasks were either shaken 
or allowed to set without shaking between sampling times. 
A reciprocating platform shaker with a horizontal movement 
of 1§- in. at 90 cycles per minute was used. The solution in 
each flask was mixed thoroughly before pipetting off the 
sample. Many variations of this basic procedure were used. 
£. Variations of the basic procedure for nitrate 
reduction studies 
Bactl Capalls,^ Parafllm,^ solid rubber stoppers,-.or 
rubber stoppers containing small glass sampling tubes were 
used as flask closures. The first two were aerobic and the 
last two were anaerobic flask closures. The glass sampling 
tube allowed the withdrawal of a small aliquot (0.5 ml.) 
from a flask for nitrite determination without opening the 
flasks to the atmosphere. These were used for the experi­
ments that involved flushing with nitrogen. The aerobic 
flask closures allowed aeration of the flasks without the 
loss of liquid. 
I 
^Available from Fisher Scientific Co., Chicago, Illinois 
^Manufactured by Marathon, a division of American Can 
Company, Menasha, Wisconsin 
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When flasks were flushed with a gas, it was done for 1 
min. at the beginning of the experiment and at the sampling 
times. The COg gas was passed through a sintered glass 
bubbler into the flasks above the liquid, Ng gas was passed 
through a capillary sampling tube under the surface of the 
liquid at a pressure equal to 5 iA. of water. 
Anaerobic conditions were obtained in one experiment by 
evacuating the flasks with a vacuum pump until the liquid 
began to boil at room temperature and then closing the stop­
cocks attached to the flasks. In other experiments 20 ml. 
of mineral oil was added over the solution in a 250 ml. flask 
to exclude air. 
All experiments were run at approximately 25°C. The pH 
of the reaction mixture was adjusted by adding NaOH or HCL. 
The reaction flasks and the individual components of the 
reaction mixture were autoclaved but it was not feasible to 
maintain complete sterility when setting up the experiments. 
The effect of lAA oxidase on nodulation 
Alfalfa seed was sterilized and then germinated in a 
small volume of water in 5 cm. petri dishes. After 24 hr., 
5 ml. of active, dialyzed enzyme preparation was added to 
each petri dish followed by shaking for 5 hr. Two ml. of a 
heavy suspension of Strain Su 388 rhizobia was then added to 
each petri dish and shaken for 6 hr. The alfalfa seedlings 
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were then placed in plastic diSPo Growth Pouches^, containing 
half-strength nitrogen-free nutrient solution. The growth 
pouches were then placed in a growth chamber at 25°C. Two 
ml. of the enzyme preparation was added to each pouch on each 
of the two succeeding days. Controls were obtained by 
following the same procedure with boiled, dialyzed enzyme 
preparation or water replacing the active enzyme preparation. 
The treatment with water was called the check. 
The composition of full strength nutrient solution was: 
KgHPO^^ 0.005 M 
MgSO^.THgO 0.002 M 
KgSO^ 0.002 M 
Chelated Pe (Sequestrene 138) 0.6 ppm 
Mn as MnClg 0.3 ppm 
pH adjusted to 7.0 
£. The effect of inoculation time, form of nitrogen, 
and time of nitrogen addition on nodulation 
An experiment was designed to study the effect of com­
bined nitrogen on nodulation of Hawkeye soybeans with strain 
31 rhizobia. The nitrogen was added in solution before, with, 
or after inoculation using 100 ppm of ammonium, nitrate, or 
nitrite nitrogen. The times for addition of inoculum and 
^Obtained from Scientific Products Co., Chicago, 111. 
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nitrogen ranged from 3 to 12 days after seed sterilization. 
The soybeans were grown at 25°C in bottomless glass bottles 
(Ham, 1963) in a growth chamber. Nitrogen-free half-strength 
nutrient solution, was used. Enough washed rhizobial cells 
were added at the time of inoculation to give a cell con­
centration of around^3 x 10^ cells/ml. of solution. The 
cells and nitrogen were both left for approximately 44 hr. 
before removal by leaching the sand and replacing the 
nutrient solution. 
5. Methods of analysis 
a. Nitrite determination 
Nitrite nitrogen concentrations were determined colori-
metrically by a modified Shinn (1941) technique. A small 
aliquot of clear solution to be tested was placed in a test 
tube and the volume made up to 2 ml. with distilled water. 
One ml. of a 1^ solution of sulfanilic acid in 1.5 N HCL 
was added and mixed thoroughly. Then 1 ml. of an aqueous 
solution of 0.02# N(l napthyl) ethylenediamine.2HCL was 
added and mixed. The intensity of the red color developed 
was measured at 5^0 m// with a Spectronic 20 colorimeter. 
Nitrite values were determined from a standard calibration 
curve that was made from the nitrite standards run with each 
set of samples. 
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b. Ammonium and nitrate plus nitrite determinations 
Inorganic ammonium and nitrate plus nitrite were 
determined in the supernatant from the reaction mixture by 
the steam distillation method of Bremner and Keeney (1965) .  
Nitrate concentrations were determined by subtracting nitrite 
values from those for nitrate plus nitrite. 
£. Organic nitrogen in rhizobial cells 
Aliquots of the reaction mixture were centrifuged and 
the supernatant decanted. The rhizobial cells were then 
washed once with 1% mannitol solution in Pyrex test tubes 
and the supernatant discarded. One gm. of a 100:10:1 mixture 
of KgSOij., CuSO^.SHgO, and Se was added to each tube. Two ml. 
of concentrated sulfuric acid was then added and the sangles 
were digested for several hours after clearing in a sand 
bath placed upon an electric hot plate. After cooling, the 
samples were washed into 100 ml. steam distillation flasks 
and neutralized with NaOH. The organic nitrogen was then 
determined using the steam distillation apparatus described 
by Bremner and Keeney (I965). 
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IV. RESULTS AND DISCUSSION ' 
• A. Nitrate Reduction Studies 
1^. Introduction 
The basic hypothesis was that partial anaerobiosis can 
cause the utilization of large amounts of nitrate by rhizobia. 
When the supply of oxygen is limited, nitrate could replace 
elemental oxygen as the terminal electron acceptor for the 
rhizobia. The reduction products of nitrate respiration 
(dissimilatory nitrate reduction) are largely excreted into 
the surrounding medium. This hypothesis was tested using 
strain Su 388 rhizobia in Erlenmeyer flasks with nitrate, 
succinate as a source of electrons and energy, mannitol, and 
Tris buffer. 
2. The effect of pH 
The effect of pH on the loss of total inorganic nitrogen 
from solution was studied in a preliminary experiment reported 
Table 1. The-reaction mixtu're used was similar to the basic 
reaction mixture described in the section on materials and 
-3 
methods. In this experiment, however, 1 x 10 M NaNO^, 
NaNOg, or NH4CL was used with initial pH values ranging from 
6.2 to 8.8. Half-filled, anaerobically-closed Erlenmeyer 
flasks were used without shaking. The last four lines of 
Table 1. The effect of Initial pH on the concentration of total Inorganic nitrogen 
In supernatant from reaction mixture without shaking and with anaerobic 
flask closures 
NOg 
NH4 
+ 
+a 
NH4 
Initial Time, Total Inorganic nitrogen, ^ ug. N/ml, 
form hr. 
of N 
NO^ 
pH pH pH pH 
6.2  7.0 7.6 8.8  
i 
17.2 16.3  16.6  16.0  
0
16 17.6 16.0  12.8  13.1  '  
24 17.2 15.7  10.2  11.8  
48 17.9 15.3  0 .6  . 5.1 
3 16.0  16.3  14.7 15.7 
15 15.7 13.1 5.4 13.4 
24 . 16.3  • 12.5 2.2  11.8  
48 16.3  12.5  0 .0  3.5 
3 16.3  16.6 16.0  12.1 
16 17.2  15.7 15.2 13.1  
24 17.6  16.0  14.0 13.4 
48 17.2  14.1 12.8  8 .6  
3 _ 15.0  14.7 — 
16 - 15.0  15.0  -
24 — 15.0 16.3  -
48 - 14.1 12.5  -
^These values are for reaction mixture without cells 
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Table 1 represent values obtained by omitting the rhizobial 
cells from the reaction mixture. The fastest loss of total 
inorganic nitrogen from solution with nitrate and nitrite 
occurred at pH 7.6. The loss of ammonium nitrogen - from 3 hr. 
to 48 hr. at pH 7,6 was small and of similar magnitude with 
and without rhizobial cells. This indicates that little or 
no ammonium was taken up by the bacteria, even though 
rhizobia in adjacent flasks had caused similar levels of 
nitrate and nitrite to be lost from solution. 
A later experiment was set up to verify the relatively 
low losses of ammonium from solution. This experiment was 
set up without rhizobial cells in duplicate aerobically-
closed flasks at pH 8.0 both with and without shaking. The 
initial nitrogen concentration was 21 j^g. N/ml. The average 
losses of ammonium nitrogen when calculated from 0 hr. to 
4 days were 1.7 jag. N/ml. and 2.2 pQ. N/ml. for shaken and 
unshaken flasks respectively. The results of these two ex­
periments indicate that there should be no large losses from 
solution of any ammonium nitrogen formed between 0 hr. and 
4 days in the following experiments using the pH 8.0 reaction 
mixture. 
The effect of pH on nitrite accumulation from nitrate 
was studied in other preliminary experiments. Otie experi­
ment utilized half-filled, rubber-stoppered 250 ml. Erlen-
meyer flasks without shaking. The reaction mixture in this 
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"case contained 2 x 10~% NaNO^ with pH values from 7.4 to 8.3. 
Rapid nitrite accumulation occurred with pH values of 8.0 
and 8.3. A later experiment of this type studied nitrite 
accumulation at pH values ranging from 7.0 to 8.6. Of the 
pH values used 8.6 gave the highest nitrite accumulation. 
Comparison of the results from the experiments on the 
effect of pH indicates that, under the conditions of these 
experiments, the pH optimum for the loss of inorganic 
nitrogen from solution was lower than the pH optimum for the 
accumulation of nitrite. Aliquots of rhizobial cells from 
the experiment reported in Figure 1 were also analyzed for 
total organic nitrogen. . The results were variable but in­
dicated little or no uptake of nitrogen by the cells from 
any form of nitrogen for the 48 hr. period. Results of the 
analysis of cells from other experiments will be presented 
later. 
3- The effect of shaking 
Nitrate reduction in flasks that were shaken was com­
pared with that in flasks with no shaking between sampling 
times. A large number of experiments were run using these 
two treatments alone or in combination with other variables. 
The objective was to determine the effect of the increased 
aeration resulting from shaking. 
Table 2 gives the inorganic nitrogen concentrations of 
supernatant from the reaction mixtures of an experiment 
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Table 2. Inorganic nitrogen concentration in supernatant 
from reaction mixture as influenced by agitation 
and flask closure 
Inorganic nitrogen, |ig . N/ml. 
Form Time, Repli­ Shaken Not shaken 
of N hr. cate BC® RS° BC^ R8° 
NOg" 2 1 
2 
ave. 
1.2 
0.5 
0.8 
0.4 
0.8 
0.6 
2.6 
2.6 
2.6 2.6 
4 1 
2 
ave. 
l;i 
3.3  
2 .8  
. 2 .8  
2.8 
1:1 
7.8 
8.0 
7.6 
7.8 
6 1 
2 
ave. 
4.8 
5.0 
4.4 
4.8 
4.6 
14.8 
13.4 
14.1 
14.2 
14.0 
14.1 
* 8 1 
2 
ave. 
4.6 
. 4.2 
• 4.4 3.8 
22.0 
19.6  
20.8 
19.6  
19.2  
19.4 
12 1 
2 
ave. ' 
6.0 
3.8 
4.9 
2.8 
M 
3.1 
27.4 
29.2  
28.3 
27.4 
27.4 
27.4 
24 1 
2 
ave. 
8.4 
3.0 
5.7 
4.2 
n 
25.0  
25.0  
25.0  
27.4 
27.4 
27.4 
NO3- 24 1 
2 
ave. 
12.2 
11.6 
11.9  
11.0  
7 .6  
9 .3  
0.9 
1.1 
1.0 
0.0 
0.0 
0.0 
NOg-
+ NO^" 
24 1 
2 
ave. 
20.6 
14.6 
17.6  
15.2  
14.6 
I4.9 
' 25.9 
26.1 
26.0 
26.8  
24.8 
25.8  
®Bactl Capall (aerobic closure) 
b 
Solid rubber stopper (anaerobic closure) 
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Table 2 (Continued) 
Inorganic nitrogen, uk. N/ml. 
Form Time, Repli­ Shaken Not shaken 
of N hr. cate 
BC^ RS^ BC^ RS^ 
48 1 
2 
. ave. 
21.4 
12.7 
17.0 
5.6 
7.5 
6.6 4.6 
4.7 
3.2 
4.0 
72 1 
2 
ave. 
13.9 
5.4 
9.6 
0.0  
0 .0  
0 .0  
0 .0  
0 .0  
0 .0  
0 .0  
0 .0  
0 .0  
NH4 + 24 1 
2 
ave. 
1.7 
3.1 
2.4 
7.3 
7.3 
7.3 
0.6 
0.4 
0.5  
0.6 
1.5  
1.0 
48 1 
2 
ave. 4.3  
11.8 . 
11.4 
11.6 
12.9 
11.4 
12.2 
13.9  
13.5  
13.7  
72 1 
2 
ave. 
0.0 
19.7  
9.8 
12.9 
15.2 
14.1 
15.9  
m 
16.7  
15.2  
16.0  
31 
studying the effect of shaking. This experiment also com­
pared anaerobic flask closures (solid rubber stoppers) with 
aerobic flask closures (Bacti Capalls). Figures 1 and 2 
show the effect of shaking on nitrate reduction using an­
aerobic flask closures. For all the figures it was assumed 
that the concentration of nitrite could not exceed the con­
centration of nitrate plus nitrite reported in the tables. 
Since the later sampling times are one day apart the curves 
for appearance or disappearance of the different forms of 
nitrogen have been approximated by broken lines. It is evi­
dent that NOg is produced faster and accumulates to a much 
higher level in the absence of shaking. This experiment and 
other experiments comparing shaking and setting confirmed 
these differences, thus lending support to the occurrence of 
nitrate respiration resulting from anaerobiosis. The rate 
of loss of nitrate plus nitrite nitrogen is rather uniform 
with shaking. Without shaking this loss starts rather slowly 
and proceeds rapidly after high levels of nitrite have been 
attained. These patterns for the loss of nitrate plus nit­
rite nitrogen are typical but vary with different experi­
mental conditions. 
Shaking has effects on cell growth and nitrogen re­
duction other than aeration per se. In most experiments 
shaking caused a marked increase in turbidity of the re­
action mixture. This increased turbidity was attributed to 
an increase in cell numbers but it could have resulted from 
Figure 1. Nitrogen transformations by strain Su 388 rhlzobla In flasks 
with,anaerobic closures and without shaking 
INORGANIC N IN SUPERNATANT, /^g. N/ml. 
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Figure 2. Nitrogen transformations by strain Su 388 rhlzobla in flasks 
with anaerobic closures and with shaking 
0 8 16 24 32 40 
TIME.hr. 
NOg 
NH4+ 
NO2 + NO3 
TOTAL Inorg. N 
w 
VJ1 
i 1 
48 56 64 72 
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increased gum production. It is interesting to note that 
analysis of digested rhizobial cells from a similar experi­
ment showed that organic nitrogen concentration in cells, ex­
pressed as y/g. N per ml. of reaction mixture, did not in­
crease appreciably as the turbidity increased. In the absence 
of shaking, the bacterial cells settle resulting in an in­
creased concentration of cells in the bottom of the flasks. 
This might lead to an increased concentration of cofactors 
near the bacterial cells that could speed up the enzymatic re­
duction of nitrogen. There is also a possibility that with­
out shaking COg accumulates and is incorporated into toxic 
compounds. Other experimental approaches devised to study 
the effect of aeration on nitrate reduction utilized 
different types of flask closures, flushing the flasks with 
COg, flushing the flasks with Ng, covering the reaction 
mixture with mineral oil, evacuation of the flasks, and the 
use of flasks differing in size and degree of fullness. 
4. Methods of flask closure 
Several experiments were set up to compare nitrate re­
duction between anaerobicly closed flasks and aerobicly closed 
flasks. Anaerobic flask closures include solid rubber 
stoppers and rubber stoppers with small glass sanpling tubes. 
The aerobic closures used were Bacti Capalls and Parafilm. 
Table 2 includes nitrogen concentrations obtained with both 
aerobic and anaerobic flask closures. Without shaking the 
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aerobic closures gave nitrogen concentrations that were al­
most Identical to those plotted In Figure 1 for anaerobic clo­
sures. The nitrogen concentrations obtained with shaking 
and aerobic flask closures are plotted In Figure 3. This 
graph representing highly aerobic conditions shows a low 
accumulation of nitrite and the lowest ammonium accumulation 
of any of the four treatments used in this experiment. 
Comparison of Figure 2 and Figure 3 shows that with shaking 
a slower loss of nitrate plus nitrite nitrogen and of total 
inorganic nitrogen results from the aerobic flask closures. 
5. Flushing flasks with COp 
Table 3 gives the nitrogen concentration in the reaction 
mixture as affected by flushing of the flasks with CO2 and by 
agitation. All of the flasks were closed with solid rubber 
stoppers. In the absence of shaking, periodic flushing with 
Cbg drastically reduced the accumulation of NO2" and almost 
stopped the loss of nitrate plus nitrite nitrogen from 
solution. The effect of added COg with shaking is similar to 
that without shaking for the first 48 hr. After 48 hr., 
however, rapid loss of nitrate plus nitrite nitrogen occurs. 
It is possible that the shaken flasks with added COg lost 
most of this CO2 from 48 to 78 hr. since no CO2 was added 
during this time. In this experiment rather high nitrite 
levels and rapid loss of nitrate plus nitrite occurred with 
shaking. These two atypical results can probably be ex-
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Table 3. The effects of flushing with CO2 and agitation on 
the Inorganic nitrogen concentration In super­
natant from reaction mixture with anaerobic flask 
closures 
Form 
of N 
Time, Repll-
hr. cate 
Shaken Not shaken 
+ CO2 C
VJ 0
 
0
 1 + COg 1
 0
 
0
 
ro
 
2 1 0.5 0.7  0 .6  2.0 
2 0.4 0.6  0 .6  1 .6  
ave. 074 0.6  076 ïTs 
5 1 0.9  3.7 1.0  2.5 
2 0.6  4.6 1.0  2 .8  
ave. 0.7  ¥72 1.0  23 
16 1 1.8  5.1 1.3  10.4 
2 1.1  6 .8  1 .0  10.4 
ave. 1.4 6.0  îTïï 10.4 
22 1 2.1  4.7 2.5  4.0 
2 2.1  7 .0  2 .3  4.0 
ave. 2a 5.8 2.4 47Ô 
30 1 2.3 4.2 2.0  1 .2  
2 1.8  6.0 1.8  10.8 
ave. 2.0  53 1.9 0.0 
48 1 1.3 3.2 2.0  2.2 
2 2.3 4.8 1.6 4.8 
ave. - .  1 .8  4.0 1.8  3.5 
78 1 m. •• 2.3 — 
2 . - - 2.1 -
ave. - 2.2 -
NQ-
Table 3 (Continued) 
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Pom Time, Repli- Inorganic nitrogen, ^ g.N/ml. 
^ cate Shaken Not shaken 
+ COg — COg + COg ~ — COg 
N03 5 1 26.5  22.1  26.1  24.9 
2 26.5  21.5  26.1 • 24.6 
ave. 26.5 21.8  26.1  24.8 
16 1 26.8 3.4 25.5  16.7  
2 25.0  4.2 25.4  16.0  
ave. 25.9 3.8 25.4  16.4  
22 1 18.1  1.6 27.0 25.6  
2 22.8  0.0 28.2  25.2 
ave. 20.4 0.8  27.6  25.9 
30 1 26.0  0.8 25.4 24.0 
2 29.4 0.0  25.3 8.4 
ave. 27.7 0:4 25.4 lb.2 
48 1 25.8  0 .0  17.5 5.7 
2 18.8 0.0  21.6  6 .2  
ave. 22.3  0 .0  19.6 6.0  
78 1 0.0  0 .0  22.6  0 .0  
2  0 .0  0 .0  22.8 0.0  
ave. 0.0  0 .0  22.7 0.0  
Figure 3. Nitrogen transformations by strain Su 388 rhlzobla In flasks with 
aerobic closures and with shaking 
INORGANIC N IN SUPERNATANT, fiq N/ml. 
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ro 
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plained by anaerobiosis in the shaken flasks resulting from 
the anaerobic flask closures, the long intervals between 
sampling times, and the growth of the rhizobial cells. It is 
apparent that a high COg concentration has a detrimental 
effect on nitrate reduction by strain Su 388 rhizobia. 
No separate values for ammonium concentration are re-
• 
ported because the COg dissolved in the reaction mixture 
interfered with the determination of ammonium by the steam 
distillation method. 
6. Flushing the reaction mixture with Ng 
Table 4 shows the effect upon nitrate reduction of 
flushing the reaction mixture with Ng. Flushing with Ng 
caused no detectable effect on nitrogen transformations when 
the flasks were not shaken. With shaking, flushing periodi­
cally with Ng increased the rate of nitrite accumulation. 
This probably can be attributed to the anaerobic conditions 
produced by flushing with Ng causing nitrate to be used in 
place of O2 as a terminal electron acceptor. 
The rhizobial cells from the two flasks that had been 
shaken in the previous experiment were saved separately, 
washed with 1^ mannltol, and used to set up a new experi­
ment in which all flasks were shaken (Table 5). With shak­
ing, periodic flushing with Ng again caused the rapid accumu­
lation of nitrite and subsequent rapid loss of nitrate plus 
nitrite that are typical under anaerobic conditions. Figure 
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Table 4. The effects of flushing with Ng and agitation on 
the Inorganic nitrogen concentration In super­
natant from reaction mixture with anaerobic 
flask closures 
Form 
of N 
Time, 
hr. 
Inorganic nitrogen, )ig. N/ml. 
+ NgS 
Shaken 
*2^ 
Not 
- N g  
shaken 
- N2 
NC^' 4 3.3 0.8 4.2 4.5 
16 25.2 16.0 26.0 26.2 
22 20.0 23.5 26.4 21.5 • 
40 - - 26.0 28.0 
52 - - 24.0 24.0 
70 - - 1.4 0.2 
94 -, - 0.8 0.0 
NO3" 16 1.0 9.3 0.0 0.0 
22 ' 5a 1.6 0.0 4.0 
70 - 0.0 0.0 
94 - - 0.0 0.0 
NH 16 3.2 0.4 1.7 1.9 
22 2.8 2.1 2.4 2.8 
70 - - 20.8 20.2 
94 - - 16.5 17.8 
®The cells from these treatments were washed after 22 
hrs. and used In the next experiment (Table 5). 
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Table 5. The effects of flushing with on the inorganic 
, nitrogen concentration in supernatant from reaction 
mixture containing rhizobial cells obtained from 
the previous experiment, with anaerobic flask 
closure and shaking- ' 
Form Time, Inorganic nitrogen, jig.N/ml. 
of N hr. ~ 
+ previous - previous N2 
+ Ng - Ng + Ng - Ng 
NOg 12 11.2 2.2 10.8 2.2 
24 19.0 7.0 24.0 6.0 
66 3.9 12.0 18.0 14.6 
92 0.0 19.2 1.4 16.5 
114 0.0 12.0 0.0 12.4 
NOg" 42 24.7 22.1 25.3 22.1 
" NO^" 66 3.9 19.9^ 19.7 20.8 
92 0.0 17.7 1.4 16.5 
114 0.0 21.4 0.0 20.6 
42 1.1 0 0.0 0.4 
66 15.0 - 0.0 0.0 
92 18.2 1.1 16.4 • 0.6 
114 20.2 0.9 22.1 0.9 
^See Table 4 
^Tbis value includes 
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4 shows this for rhizoblal cells previously grown without Ng 
flushing. It is interesting to note that with flushing 
and old cells, 22 out of 27 ^ g. /ml. of nitrogen was com­
pletely reduced to ammonium nitrogen. Comparing the results 
using flasks that were flushed with Ng in this experiment, 
the rhizobial cells previously flushed with Ng Sas reduced 
nitrate plus nitrite nitrogen faster than the rhizobial cells 
without previous Ng flushing, even though the cell con­
centration of the former was only two-thirds as great. Com­
parable rates of nitrite accumulation and final ammonium con­
centrations were obtained for these two types of cells. In 
the absence of added Ng gas the previous pretreatment of the 
rhizobial cells with Ng had no effect on nitrogen reduction. 
7. Addition of mineral oil over the reaction mixture 
The effect of adding a layer of mineral oil over the sur­
face of the reaction mixture on nitrogen reduction by 
rhizobia can be determined from the values given in Table 6. 
In the absence of shaking, the layer of oil had little effect 
on nitrite accumulation or ammonium accumulation. Without 
shaking the loss of nitrate plus nitrite^nitrogen, mainly in 
the form of nitrite, occurred sooner without oil. With 
shaking the addition of the layer of mineral oil had a very 
pronounced effect as shown in Figure 5» The mineral oil 
caused a greatly increased rate of nitrite accumulation and 
high ammonium accumulation. The rate of nitrate plus 
Figure 4. The effect of flushing with N on nitrogen transformations by strain 
Su 388 rhlzobia In flasks with anaerobic closures and with shaking 
INORGANIC N IN 
O oi 5 
SUPERNATANT, 
4 
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Table 6. The effects of a mineral oil layer and agitation 
on the Inorganic nitrogen concentration and pH of 
supernatant from reaction mixture 
Inorganic nitrogen, ug. N/ml. 
Of PH 
Shaken Not shaken 
+ Oil - Oil + Oil - Oil 
2 1 4.0 0.8 1.4 3.0 
2 1.0 0.8 1.4 1.4 
ave. 2.5 0.8 1.4 2.2 
4 1 • 3.4 0.8 4.0 5.4 
2 3.4 • 0.8 5.8 5^ 
ave. 3.4 0.8 4.9 5.2 
8 1 7.0 2.4 9.8 9.6 
2 6.4 3.8 10.4 9.6 
ave. 6.7 3.1 10.1 9.6 
12 1 8.8 2.0 13.0 15.8 
2 7.6 2.0 15.4 14.4 
ave. 8.2. 2.0 14.2 15.1 
24 1 18.4 1.0 23.0 30.0 
2 -, 16.0 1.2 23.0 20.6 
ave. 17.2 1.1 23.0 25.3 
36 1 15.4 2.0 16.8 8.8 
2 18,8 1x8 20,8 Ojt 
ave. 17.1 1.9 18,8 4.6 
48 1 10.6 2.4 9.2 0.8 
2 9.2 1.0 , 0.4 0.0 
ave. 9.9 1.7 4.8 0.4 
72 1 0.0 0.0 0.0 0,0 
2 0.0 11.8 0.0 0.0 
ave. 0.0 5.9 0.0 0.0 
Fom Time, Repli-
of N hr. cate 
or 
w 
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Table 6 (Continued) 
Form 
of N 
or 
pH 
Time, 
hr. 
Repli­
cate 
Inorganic nitrogen, jj.s, 
or pH 
N/ml. 
+ Oil 
Shaken 
- Oil 
Not 
+ Oil 
shaken 
Oil 
NO - 2 1 19.6 23.9 23.3 20.4 
3 2 24.9 23.2 25.0 24.8 
ave. 22.2 23.6 24.2 22.6 
12 1 17.1 22.0 13.2 8.4 
2 l6.6 20.5 8.6 9.4 
ave. 16.8 21.2 10.9 8.9 
24 1 5.6 15.5 2.3 0.0 
2 8.7 16.8 2.7 4.1 
ave. 7.2 16.2 2.5 2.0 
36 1 6.9 11.0 6.4 1.5 
2 3.9 15.4 1.5 1.1 
ave. 5.4 13.2 4.0 1.3 
48 1 4,0 : 3.4 3.0 0.0 
2 2,6 15.9 0.0 0.0 
ave. 3.3 9.6 1.5 0.0 
72 1 0,0 0.0 0,0 0.0 
2 0.0 0.0 0,0 0,0 
ave. 0.0 0.0 0,0 0.0 
NH,/ 12 1 3.4 0.0 2,1 1.7 q. 2 2.8 0,0 2,4 1.9 
ave. 3.1 0.0 2,2 1,8 
24 1 6.2 0.0 2,8 3.9 
2 6,0 2.6 2.6 4.3 
ave. 6,1 1.3 2.7 4,1 
36 1 9.0 0,0 3.4 11,2 
2 : 5.8 0,9 4.3 17.6 
ave. 7.4 0,4 3.8 14,4 
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Table 6 (Continued) ' 
Form Time, Repli- Inorganic nitrogen, ug. N/ml. 
of N hr. Gate or pH 
PH 
or 
pH Shaken Not shaken 
+ Oil =~ÔÎ1 +~ÔÏÏ ôir 
48 1 9.9 0.0 7.9 17.8 
2 10.3 0.0 18.2 17.6 
ave. 10.1 0.0 13.0 17.7 
72 1 18.2 1.7 18.0 17.8 
2 16.7 0.0 18.2 • 16.1 
ave. 17.4 0.8 18.1 17.0 
24 ave. 8.0 8.3 8.0 8.0 
36 ave. 8.0 8.3 8.0 7.8 
48 ave. 7.8 8.2 7.8 7.4 
72 ave. 6.9 8.0 6.8 6.6 
I 
Y 
Figure 5. The effect of a mineral oil layer over the reaction mixture on 
nitrogen transformations by strain Su 388 rhlzobla in flasks with 
shaking 
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nitrite nitrogen loss with and without mineral oil was 
similar after 36 hr. The initial nitrogen concentration for 
this experiment was about 25 jug. N/ml. Of this amount 16 to 
18 jLig. N/ml. was reduced to ammonium. It appears that 
nitrogen had been lost in gaseous form, probably as N^O and 
Ng. It is entirely possible that some NgO was dissolved in 
the reaction mixture after 72 hr. The values reported for 
total inorganic nitrogen would not be expected to include -
elemental nitrogen, nitric oxide, or nitrous oxide. 
A second experiment (Table 7) showed similar effects 
from the addition of a layer of mineral oil both with and 
without shaking. In both experiments very little nitrite or 
ammonium accumulated under the aerobic conditions of shaking 
without oil. The other three treatment combinations result­
ing in anaerobic conditions, however, gave high early nitrite 
accumulation and later gave high ammonium accuimilation. . The 
values for the concentration of organic nitrogen in rhizobial 
cells, expressed as yag. of organic nitrogen per ml. of re­
action mixture, are variable. This could have resulted from 
difficulty in obtaining a representative aliquot of rhizobial 
cells, errors in the analytical procedure, or both of these 
causes. Their appears to be no sharp increase in the amount 
of organic nitrogen in cells during the periods when rapid 
loss of nitrate plus nitrite nitrogen occurred. These values 
for organic nitrogen In cells and those from several other 
experiments suggested that most of the reduced nitrate 
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Table 7. The effects of a mineral oil layer and agitation 
on the inorganic nitrogen concentration and pH of 
supernatant from reaction mixture, and the organic 
nitrogen concentration of rhizobial cells in the 
reaction mixture 
Form Time, Repli-; Nitrogen concentration,, ug. 
of N hr. cate .' " " • N/ml. 
or 
pH . Shaken Not shaken 
+ Oil - Oil + Oil - Oil 
8 1 13.8 4.0 20.8 
« 
19.8 
2 12.8 3.0 20.4 18.4 
ave. 13.3 3.5 20.6 19.1 
12 1 18.8 5.0 24.0 27.0 
2 18.4 3.8 26.0 26.0 
ave. 18.6 -^'4.4 25.0 26.5 
16 1 15.6 5.6 22.4 22.4 
2 14.0 lé. 15.6 22.4 
ave. 14.8 4.6 19.0 22.4 
36 1 19.2 1.0 0.6 0.0 
2 15.6 0.6 0.0 1.6 
ave. 17.4 0.8 0.3 0.8 
48 1 15.0 1.2 0.0 0.0 
2 0.0 0.0 0.0 0.0 
ave. 7.5 0.6 0.0 0.0 
72 1 17.0 0.6 0.0 0.0 
2 0.0 0.0 0.0 0.0 
8.5 0.3 0.0 0.0 
8 1 10.4 21.1 3.0 4.6 
2 11.4 21.2 4.3 M 
ave. 10.9 21.2 3.6 5.0 
NOg" 
NOg-
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Table 7 (Continued) 
Form 
of N 
or 
pH 
Time, 
hr. 
Repli­
cate 
Nitrogen concentration 
N/ml. 
+ Oil 
Shaken 
- Oil . 
Not 
+ Oil 
shaken 
- Oil 
NO3" 16 1 
2 
ave. 
7.6 
10.7 
9.2 
19.5 
. 23.0 
21.2 
sis 
5.3 
4.0 
0.8 
2.4 
36 1 
2 
ave. 
2.2 
6.0 
4.1 
6.9 , 
18.7 
12.8 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
48 1 
2 
ave. 
10.7 
5.8 
8.2 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
in 
super. 
8 1 
2 
ave. 
l:S 
5.7 
5.8 
6.6 
6.2 
u 
3.6 J 
16 1 
2 
ave. 
8.4 
7.9 
8.2 
2.8 
10.1 
6.4 
M 
4.2 
6.2 
36 1 
2 
ave. 
11.4 
10.1 
10.8 
2.6 
9.2 
5.9 
17.6 
18.7 
18.2 
21.9 
20.2 
21.0 
48 1 
2 
ave. 
10.9 
19.7 
15.3 
l:g 
2.8 
18.7 
19.5 
19.1 
19.3 
19.5 
19.4 
Org N 
In 
Cells 
8 1 
2 
ave. 
134.9 
129.2 
132.0 
136.0 
137.1 
136.6 
142.4 
134.9 
138.6 
144.0 
136.2 
140.1 
Table J (Continued) 
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# ' 
Form Time, Repli- Nitrogen concentration, ug. 
of N hr. cate N/ml. 
or 
pH 
+ Oil 
Shaken 
- Oil 
Not 
+ Oil 
shaken 
- Oil 
Org. N 
in 
Cells 
16 1 
2 
ave. 
129.4 
127.1 
128.2 
144.6 
137 i 6 
141.1 
132.2 
135.3 
133.8 
133.0 
132.8 . 
132.9 
36 1 
2 
ave. 
126.3 
114.7 
120.5 
140.6 
137.4 
139.0 
126.7 
136.2 
131.4 
144.9 
143.5 
144.2 
48 1 
2 
ave. 
106.3 
133.3 
119.8 
146.2 
146.5 
146.4 
146.2 
144.6 
145.4 
150.1 
145.1 
147.6 
pH 16 ave. 8.2 8.3 8.2 8.2 
36 ave. 7.9 8.1 7.6 7.2 
48 ave. 7.6 8.3 6.8 6,8 
72 ave. 7.6 8.0 6.2 7.0 
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nitrogen is,not- taken up by the rhizobial cells. 
8. Evacuation of the reaction flasks 
In the experiment reported in Table 8 one-half of the 
flasks were evacuated and all flasks had anaerobic flask 
closures. The results obtained without shaking indicated 
anaerobiosis even without evacuation. The high nitrite and 
ammonia accumulations usually associated with anaerobic 
conditions occurred to the same extent in both cases, as 
shown in Figure 6. Without shaking nitrate plus nitrite 
nitrogen was reduced somewhat faster when the flasks were 
evacuated. When flasks were shaken, evacuation caused a 
marked increase in nitrite and ammonium accumulation as illu­
strated by Figure %. Evacuation of shaken flasks also 
caused more rapid nitrate plus nitrite reduction by 30 and 
50 hr. (Table 8). 
9. Differing flask sizes and degrees of fullness 
The results obtained with different flask sizes.and 
liquid to air ratios within the flasks are given in Table 9. 
It was thought that the use of larger or fuller flasks would 
result in more anaerobic conditions and therefore higher 
nitrite accumulation. The nitrite levels attained in 12 hr. 
can be seen to be almost the same in all flasks except the 
fullest flasks which appeared to have slightly lower nitrite 
levels. The reduction of nitrate plus nitrite nitrogen was 
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Table 8. The effects of evacuation and agitation on the 
. inorganic nitrogen concentration and pH of super­
natant from reaction mixture with anaerobic flask 
closures 
Form 
of N 
or 
pH 
Time, 
hr. 
Repli­
cate 
Inorganic nitrogen, ug. 
or pH 
N/ml. 
Shaken Not shaken 
+ EV^ - EV + EV® - EV 
NOg" 9 1 
2 
ave. 
6.8 
9.6 
8.2 
M 
3.0 
7.2 
8.5 
7.8 . 
7.6 
1:2 
7.4 
20 1 
2 
7.9 
16.0 
12.0 
6.1 
7.6 
6.8 
10.2 
13.0 
11.6 
10.6 
12.4 
11.5 
30 1 
2 
ave. 
4.6 
0.6 
2.6 
0.0 
8.8 
4.4 
0.6 
3^ 
1.8 
1.8 
1.8 
1.8 
NO3" 9 1 
. 2 
ave. 
18.7 
15.3 
17.0 
22.1 
22.5 
22.3 
18.5 
16.8 
17.6 
18.8 
18.5 
18.6 
20 1 
2 
17.8 
9.7 
16.6 
17.5 
14.9 
11.0 
14.5 
— 
ave. 13.8 17.0 13.0 
30 1 
2 
ave. 
17.5 
12.5 
15.0 
16.1 
1^.0 
15.6 
12.0 
2.4 
7.2 
13.9 
12.6 
13.2 
50 1 
. 2 
ave. 
14.6 
0.0 
7.3 
10.7 
9.9 
10.3 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
3l 
EV - Evacuation at room temperature to the boiling 
point 
59 
Table 8 (Continued) 
Form 
of N 
or 
pH 
Time, 
hr. 
Repli­
cate 
Inorganic nitrogen, ug. 
or pH 
N/ml. 
+ EV^ 
Shaken 
- EV 
Not 
+ EV^ 
shaken 
- EV" 
NH/ 9 1 0.4 0.0 1.5 0.0 
2 0.6 0.6 0.9 0.0 
ave. 0.5 0.3 1.2 0.0 
20 1 1.3 0.6 0.9 0.6 
2 2.8 0^ 1.1 0.4 
ave. 2.0 0.8 1.0 0.5 
30 1 1.1 1.5 7.7 5.6 
2 8.6 2.4 10.3 6.0 
ave. 4.9 2.0 9.0 5.8 
50 1 0.0 1.5 17.8 17.6 
2 18.0 3.6 15.9 17.4 
ave. 9.0 2.6 16.9 17.5 
pH 9 ave. 7.7 : 7.8 7.7 7.6 
20 ave. 7.8 7.8 7.6 7.6 
30 ave. 7.2 8.0 6.7 7.3 
50 ave. 6.8 7.9 6.2 6.0 
Figure 6. The effect of evacuation on nitrogen transformations by strain Su 388 
rhlzobla In flasks with anaerobic closures and without shaking 
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Figure 7. The effect of evacuation on nitrogen transformations by strain Su 388 
rhlzobla in flasks with anaerobic closures and with shaking 
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inversely related to the fullness of the flasks. Other 
similar experiments confirmed these results. The results of 
this experiment are almost the opposite of those that might 
be expected on the basis of relative anaerobiosis. It appears 
that the use of rubber stoppers caused all of the flasks to 
be anaerobic. The results suggest that excess anaerobiosis 
has a detrimental effect on the reduction of nitrate nitrogen 
by cells. This detrimental effect may be related to the 
more marked depressions in pH with fuller flasks (Table 9). 
Boiling samples of supernatant from the reaction mixture 
taken at 72 hr. caused marked rises in the pH of all samples 
except those from the fullest flasks. The rise in pH after 
boiling indicated that COg might have been dissolved in the 
flasks causing the same detrimental effect observed with COg 
flushing. The low pH values that could be raised only 
slightly with boiling suggest acid fermentation. This acid 
production, if it occurs, could account for the slowest nit­
rate nitrogen reduction in the fullest flasks. Virtanen et 
al. (1934) reported a butyric acid type fermentation of 
glucose by trlfolll and by crushed nodules. The results 
of this experiment also show that the loss of oxidized 
nitrogen (nitrate and nitrite) from solution need not 
necessarily be closely correlated with the production of 
nitrite. The latter is accomplished by the nitrate reductase 
enzyme alone while the loss of oxidized nitrogen from 
solution also requires nitrite reductase and probably other 
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Table 9. The effects of flask size and fullness on the in­
organic nitrogen concentration and pH of super­
natant from reaction mixture with anaerobic flask 
closure and without shaking 
N Form Flask Liquid, Inorganic N, jag. /ml. or pH 
of pH size, ml. ml. 12 hr. 24 hr. 48 hr. 72 hr. 
NO " 125 25 8.8 5.6 2 50 8.4 6.8 0 — 
125 6.4 6.8 0.4 — 
250 25 9.6 4.8 0 -
50 7.2 • 4.8 0 -
125 8.0 8.0 9.6 -
250 6.8 5.6 1.6 -
50 b 25 7.2 5.6 0.0 • -
50 8.0 5.6 0.0 -
125 8.4 6.8 0.0 -
250 8.0 13.2 0.0 -
500 6.8 6.4 1.6 -
NO," 125 25 16.7 6.0 0.0 -
50 16.5 10.8 0.4 -
125 19.1 19.1 10.5 0.0 
250 25 13.4 5.3 0.0 -
50 18.3 " 10.9 1.1 0.0 
125 17.5 17.5 0.0 0.0 
250 19.1 22.7 , 10.0 1.4 
500 25 15.5 6.0 0.0 — • 
50 16.4 8.3 0.0 -
125 16.7 14.6 4.3 0.0 
250 . 17.1 12.5 9.4 0.0 
500 17.9 20.8 6.5 0.0 
pH 125 25 8.2 - 7.9 7.9 
50 8.2 - 7.7 7.4 
125 8.2 - §'9 5.9 
250 25 8.2 - 8.1 7.9 , 
50. 8.2 - 7.9 7.5 
125 8.2 - 7.5 6.9 
250 8.3 - 6.3 5.6 
500 25 8.2 - 8.1 7.9 
50 8.1 ' - 7.9 7.7 
,125 8.2 - 7.7 7.4 
250 8.0 - 7.3 6,6 
500 8.3 6.5 5.6 
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enzymes. 
B. Modulation Studies 
Introduction 
Many different methods of growing plants were tried for 
the study of host-rhizobia interactions affecting nodule 
initiation in legumes. The objective was to find a method 
that would meet the following criteria: 
1. growth of healthy plants, including tops, roots, 
and nodules 
2. exclusion of extraneous microorganisms from the 
plant roots 
3. ability to change the root media completely 
4. visibility of roots and nodules 
Some of the methods tried included the following: 
1. aerated nutrient solution 
2. agar in test tubes 
3. test tubes with nutrient solution 
4. sand culture tubes 
5. moist filter paper in petri dishes 
6. sand-filled bottomless bottles 
7. plastic growth-pouches 
None of these methods of growing plants was found to com­
pletely meet the four criteria established above. Some results 
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using the last two methods of growth will be reported. 
2. The effect of lAA oxidase on nodulation 
A number of similar experiments were set up to study'the 
effect of an lAA oxidase enzyme preparation obtained from 
cultures of Omphalia flavida on the nodulation of Vernal 
alfalfa plants. The treatments consisted of active di-
alyzed enzyme preparation, boiled enzyme preparation, or 
water in the case of the check. The only experiment that 
resulted in nodule formation on healthy plants is reported 
in Table 10. The data suggested that the active enzyme pre­
paration may have caused higher average values for nodules 
per plant attained by the end of four weeks than the cor­
responding values for the check and for the control (boiled 
« 
enzyme preparation). Sahlman and Pahraeus, working with 
Trlfolium repens, mentioned that laccase, an enzyme that 
oxidizes lAA, caused no change in the degree of deformation 
of the root hairs or in the number of nodules formed. If lAA 
must be present externally for Infection to take place, the 
addition to the rooting media of an enzyme that destroys lAA 
should reduce or prevent nodule formation. Nutman (1948) 
suggested that the formation of a nodule prevents the for­
mation of a lateral root that might have developed at the 
same foci. Gibson and Nutman (I960) suggested that the delay 
in nodulation that they observed with nitrate and nitrite 
caused more lateral root development and consequently more 
Table 10. Numbers of nodules formed on Vernal alfalfa grown in plastic growth 
pouches as affected by lAA oxidase enzyme preparation 
Treatment Replicate Number of plants Total number 
2 wks. 
of nodules 
4 wks. 
Check^ 1 16 10 25 
Boiled enzyme 1 18 • 3 29 
Preparation 2 16 •26 
i 
ave. 17 6.5 27.5 
Active enzyme 1 13 11 26 
Preparation 2 . 17 ID M 
ave. 15 10.5, 34 ' 
®Water replaced the enzyme preparation. 
1 
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foci were available for nodule formation. Therefore more 
nodules were formed. The lAA oxidase enzyme employed in this 
experiment may have produced an effect similar to that ob­
served by Gibson and Nutman (i960) for nitrite and nitrate. 
_3. The effect of inoculation time, form of nitrogen added, 
and time of nitrogen addition on nodulation 
The effect of inoculation time, form of nitrogen added, 
and time of nitrogen addition was studied using Hawkeye soy­
beans grov/n in sand-filled bottomless bottles over nitrogen-
free nutrient solution. Different combinations of in­
oculation time and time of nitrogen addition were used. Am­
monium, nitrate, or nitrite was added to the nutrient so­
lution at the rate of 100 ppm nitrogen. Addition and removal 
of both nitrogen and inoculum involved leaching the sand with 
liquid. It was hoped that an external effect of combined 
nitrogen on nodulation could be determined by short-term 
nitrogen and inoculation treatments. The use of short-term 
nitrogen treatments should minimize the effect of this nit­
rogen on plant growth. 
The results of. this experiment are shown in Tables 11 
through 14» The actual values recorded from the experiment 
were nodule numbers, nodule weights per plant, and root 
weights per plant. These values were then averaged for the 
plants (usually 4) in each container receiving a specific 
treatment. The only replication of the treatments was that 
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obtained within a single container. Average values are used 
for all data reported. 
Table 11 gives the average number of nodules,per plant 
for the treatment combinations used and for the controls with­
out added nitrogen. In general, the values increased from 
left to right on a given line. This shows that the number 
of nodules was increased by delaying nodulation with the 
same nitrogen treatment or without nitrogen. The average 
number of nodules was calculated for each column to provide 
a comparison of the effect of different forms of nitrogen on 
the number of nodules formed. The data showed that nitrate 
and nitrite caused a significantly higher number of nodules 
than ammonium. The average values for all containers receiv­
ing the same form of nitrogen confirmed this effect. It 
should be pointed out that comparison" of overall averages 
and column averages among forms of nitrogen may introduce a 
slight bias caused by the missing values. Examination of 
the data after omitting the treatment combinations for which 
data was not available for all forms of nitrogen would over­
come this objection and would not change the conclusions con­
cerning nodule numbers. Gibson and Nutman (i960) reported 
that nitrate and nitrite, but not ammonium, delayed nodu­
lation resulting in the formation of more nodules. 
Table 12 reports the average fresh weights per nodule 
for each treatment combination and for the controls. The 
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Table 11. Mean numbers of nodules on soybean plants with 
different combinations of day of inoculation and 
day of nitrogen addition 
Form 
of N 3 1 - 5  1-6 I - 7 1 - 9 I - IS 
+ b 
16 NHh N - 3 13 9 -
N - 5 8 9 15 18 
N - 6 16 14 - 28 
N - 7 22 
N - 9 12 17 21 25 
N - 12 . 17 24 23 
ave. 11 11 14 18 20 25 
Overall aye . for 
NH4 17 
NO - N - 3 15 10 17 29 
^ N - 5 16 13 19 
N - 6 27 26 26 . 4l 
N - 7 23 
N - 9 21 37 32 35 • 
N - 12 28 36 
ave. 17 17 26 25 32 42 
Overall ave . for 
NO^- 26 
NO5" N - 3 14 8 23 31 
^ N - 5 14 16 25 21 
N - 6 24 22 20 42 
N - 7 -
34 N - 9 l4 32 29 
N - 12 24 29 
ave, 14 16 24 24 28 36 
Overall ave . for 
, NOg- 23 
Without N 17 22 24 31 
^Day of inoculation 
^Day of nitrogen addition 
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Table 12. Mean nodule weights from soybean plants with 
different combinations of day of inoculation and 
day of nitrogen addition, gm. x lOO/nodule 
Form a 
of N I - 3 1 - 5  1 - 6  1 - 7  1 - 9  I - 12 
N^- 3 1.04 1.14 .64 
N - 5 1.11 1.30 1.00 .98 
N - 6 .74 .94 .32. 
N - 7 .55 
N - 9 1.04 .55 .62 .38 
N - 12 .66 .64 .61 
ave. 1.0b 1.06 T58 .63 .44 
Overall ave. for 
^4 • ry . 
NO: N - 3 .67 .50 .60 .61 
3 N - 5 .56 1.04 - .57 
N - 6 • .70 .88 .63 .32 
N - 7 .57 
N - 9 1.02 .46 .38 .40 
N - 12 .70 .64 
ave. .75 .75 .88 .59 .54 .36 
Overall . ave. for 
NO^ .61 
NO: N'- 3 .71 .58 .74 .71 d. N - 5 .67 .84 .76 .79 
.40 N - 6 .67 1.14 .59 
N - 7 -
N - 9 1.14 .48 .52 .35 
N - 12 .76 .58 .48 
ave. .84 .70 .95 .67 .60 .41 
Overall . ave. for 
NOg 
.67 
Without ; N .94 .94 .95 .40 
^Day of inoculation 
^Day of nitrogen addition 
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data showed that the average weight per nodule decreased with 
delayed inoculation. This reduction in nodule weight was 
most evident for inoculation times-from J to 12 days. The 
decrease in weight per nodule with delayed inoculation re­
flected the relatively short duration of the experiment (26 
days) and the larger numbers of nodules formed. The average 
weight per nodule was inversely related to the nodule 
numbers reported in Table 11. 
Table 13 gives the average root fresh weights per plant 
for each treatment combination and for the controls without 
added nitrogen. There appeared to be no effect of delayed 
inoculation with the same nitrogen treatment or in com­
bination with delayed nitrogen addition on average root 
weights per plant. Nitrate and nitrite caused higher average 
root weights than ammonium. 
Averages for nodule weight per plant, number of nodules 
per gram of root, and the ratio of root weight to nodule 
weight can be calculated from the data reported in Tables 11, 
12, and 13. These values were also examined. Neither 
average nodule weights per plant nor the average ratios of 
root weight to nodule weight showed any trends with time. 
There was an indication that the average weights of nodules 
per plant were higher with nitrate and nitrite nitrogen than 
with ammonium nitrogen. The average number of nodules per 
gm. of root was closely correlated with the total numbers of 
nodules per plant. 
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Table 13. Mean root weights of soybean plants with different 
combinations of day of inoculation and day of 
nitrogen addition, gra./root 
Form . 
of N I®- 3 1 - 5  1-6 1 - 7  1 - 9  I - 12 
N - 3 .67 .89 .77 
N 
- -5 .87 .98 .43 .69 
N - 6 .96 .54 1.09 
N - 7 
.68 
.74 
N - 9 1.10 .34 .90 
N - 1 2  .74 .80 .82 
ave . - .74 Co
 
.78 .82 .84 .94 
Overall ave. for 
.78 
NOo" N - 3 .71 . .91 .68 .87 0 N 
- 5 .87 1.08 1.00 
N - 6 .88 .96 1.13 .81 
N - 7 .71 
N - 9 1.46 1.45 .81 1.14 
N - 12 1.26 1.27 .99 
ave .  1.01 .96 .96 1.04 .90 .98 
Overall ave. for 
N 
NO, 
O^" 1.00 
NOg 
N - 3 .64 .74 .69 .96 
N 
- 5 .78 .90 .87 .92 
N - 6 .74 1.07 .72 .92 
N 
- 7 -
.61 N - 9 1.30 1.00 1.05 
- N - 12 
-797 
1.37 1.01 .84 
ave. .91 .94 .Ob .94 
ave. for 
.90 
N 0.75 — 0.97 1.11 
^jôay of inoculation 
^Day of nitrogen addition 
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An attempt was .made to overcome the bias in inter­
pretation of the results caused by the relation of the de­
layed nitrogen application and the delayed inoculation date 
and by the 4 missing values. To do this average values were 
calculated for all of the treatments involving simultaneous 
addition of nitrogen and inoculum for a given form of 
nitrogen (Table l4). These values can not be used to look 
at the effects of delayed inoculation and delayed nitrogen 
addition. The values given in Table l4 support the dif­
ferences among forms of nitrogen mentioned above. 
Nutman (1949) reported that delayed inoculation in­
creased nodulation. Both Nutman (1949) and Gibson and 
Nutman (i960) worked with plants grown under sterile con­
ditions on agar slopes in test tubes. Gibson and Nutman 
(i960) added nitrate and nitrite at the beginning of the 
experiment. The experiment reported herein used initially 
sterile sand-filled bottles for the growth of the plants. 
This experiment utilized combinations of inoculation times 
and times of nitrogen addition. The nitrogen was removed 
from the plants after approximately two days. 
76 
Table l4. Mean values for ail treatments involving 
simultaneous addition of inoculum and nitrogen for 
each form of nitrogen 
Form No. Nodule Root No. 
of of nodules weight, weight of 
N per plant gm. x lOO/nodule gm./root nodules 
per 
gm. of root. 
NH^"" 17 .84 .68 . 28 
NO^" 26 .65 .88 31 
NOg- 22 .74 .82 28 
77a 
V. SUMMARY AND CONCLUSIONS 
The literature on nodulation indicates that nitrate and 
nitrite nitrogen exert a greater inhibitory effect on nodu­
lation than does ammonium nitrogen applied at the same level 
(Richardson e_t 1957* Gibson and Nutman I96O). The work 
of Tanner and Anderson (1963) indicates that the inhibitory 
effect of nitrate ma^be caused by its reduction to nitrite 
which can destroy lAA and thereby may inhibit nodulation. 
A study was made of factors affecting the reduction of 
nitrate to nitrite by rhizobia. Plant experiments were also 
conducted to determine the effect of time of nitrogen addition, 
form of nitrogen added, and lAA oxidase on nodulation. 
The most aerobic conditions employed in the nitrate 
reduction study, shaking with aerobic flask closures, re­
sulted in the accumulation of small amounts of nitrite and 
the loss of part of the nitrate plus nitrite nitrogen. Most 
of the nitrate plus nitrite nitrogen reduced was present at 
the end of the experiment as ammonium but a small amount of 
inorganic nitrogen appeared to be lost from solution (Figure 
3). The more anaerobic conditions obtained without shaking 
or with anaerobic flask closures caused the rapid reduction 
of nitrate nitrogen until it was all present as nitrite 
(Table 2). This nitrite accumulation was followed by a re­
duction of the nitrite nitrogen resulting in the accumulation 
of ammonium and the loss of nitrogen from solution, presum­
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ably in the gaseous state. 
Other treatments imposed with and without shaking to 
obtain various degrees of anaerobiosis included flushing the 
reaction mixture with addition of mineral oil over the 
reaction mixture, and evacuation of the reaction flasks. 
Without shaking there was little effect of the anaerobic 
treatments, i.e. flushing with Ng, addition of mineral oil, 
and evacuation of the flasks; while with shaking their effect 
was very pronounced (Figures 4, 5, and 7). 
This anaerobic effect is shown by the marked increase in 
the rate of nitrite accumulation early in the experiment, 
greater accumulation of ammonium later in the experiment, and 
more rapid reduction of oxidized forms of nitrogen (nitrate 
plus nitrite) late in the experiment. With time all of the 
nitrogen was either reduced to ammonium or lost from solution, 
presumably as nitrogen gas, nitrous oxide, or possibly nitric 
oxide. The results of cell analysis suggested that little or 
none of the nitrogen originally present as nitrite was taken 
up by the rhizobia. 
In this investigation very rapid production of nitrite 
was obtained under anaerobic conditions using large numbers 
of a single rhizobial strain with an added energy source and 
Source of electrons at pH 8.0. The production of nitrite by 
this strain of rhizobia (R. meliloti, strain Su 388) should 
be much slower under field conditions. In the soil the pH 
will usually be below pH 8.0. In the rhizosphere, howeyer. 
78a 
conditions may be relatively anaerobic, energy sources should 
• 
be available, and many other organisms will be present that 
could reduce nitrate to nitrite. These conditions of the 
rhizosphere could be conducive to the accumulation of nitrite. 
A plant experiment was conducted to determine if lAA 
oxidase affected nodulation of alfalfa seedlings. The enzyme 
preparation obtained from Omphalla flavlda was added to one 
day old seedlings, which were Inoculated 5 hr. later. 
Additional amounts of the active enzyme preparation were added 
to the seedlings growing in plastic growth pouches on each of 
the two succeeding days. The enzyme did not decrease the 
number of nodules formed in 2 weeks; after 4 weeks of plant 
growth, however, the enzyme treatment appeared to have in­
creased the number of nodules per plant (Table 10). The 
results of this experiment indicated that the lAA oxidase . 
enzyme delayed nodulation for a few days and thereby allowed 
the development of more lateral roots resulting in more 
potential nodule sites as discussed by Gibson and Nutman (i960). 
The results obtained by adding IA4 oxidase to alfalfa 
plants indicate that a source of lAA external to the plant 
roots may be required for the initiation of nodules. 
A similar plant experiment has been conducted by Sahlman 
and Pahraeus (1962) using fungal laccase. These workers re­
ported no effect of laccase on nodulation. No details of the 
methods for obtaining the enzyme preparation or for treatment 
of the plant were given. It was not possible to ascertain 
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the age of the seedlings when treated, or the age of the 
plants when the observations on nodule numbers were made. 
Laccase will oxidize various substrates whereas lAA oxidase 
has a very specific substrate requirement. 
IT the lAA oxidase enzyme has delayed the infection of 
the young seedlings, there should be a period of time after 
inoculation when the number of nodules are decreased. After 
the enzyme has lost its activity, however, there should be a 
larger root system resulting in greater nodule numbers for 
the treated plants at a later time. Therefore it is import­
ant to compare the number of nodules per plant between the 
treated and untreated plants over, a period of time. This 
type of experiment appears to warrant further investigation. 
In another plant experiment an attempt was made to 
determine if nitrate or nitrite delayed infection and nodule 
development of soybean seedlings more than ammonium. 
Different combinations of time of nitrogen addition and time 
of inoculation were imposed upon seedlings grown in sand cul­
ture. The nitrogen treatments were removed by leaching two. 
days after they had been applied. One of the objectives of 
this experiment was to note the effect of nitrogen treatments 
on the position of the nodules on the root system. Dr. Salih 
Damirgi^ found that a progressive delay of inoculation caused 
^Damirgi, Salih. Unpublished experiments conducted at 
Iowa State University of Science and Technology, Ames, Iowa. 
79a 
the position of the nodules to be progressively lower on the 
tap root until eventually no nodules were found on the tap 
root. In the present experiment very few nodules were found 
on the tap root at the earliest date of Inoculation (3 days) 
and none were found at later dates of Inoculation. 
Delaying Inoculation, with or without nitrogen addition, 
caused a large Increase In the number of nodules found and a 
decrease In the average size of nodules (Tables 11 and 12). 
Nitrate and nitrite Increased the number of nodules and de­
creased the average size of nodules on four-week old plants 
In comparison to plants treated with ammonium. The effects 
of nitrate and nitrite on nodulation Indicated that these 
forms of nitrogen delayed Infection and thereby resulted In 
a greater number of small nodules. These results are similar 
to those of Gibson and Nutman (196O) In which the nitrogen 
treatments were not removed from the root environment. 
79b 
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